The complex structure of bacteriophage T4 includes a variety of proteins' which become assembled into mature particles during intracellular development of the virus. Some insight into the genetic control of this process has been provided by physiological studies with conditional lethal mutants, which show that over 40 phage genes are involved in T4 morphogenesis2 (Fig. 1) . However, the mechanisms by which components are assembled have remained obscure, due in part to the lack of a suitable system for their study. In the experiments reported below, conditional lethal mutants of strain T4D have been exploited to develop an in vitro system in which several of the steps in phage morphogenesis can be demonstrated.
The complex structure of bacteriophage T4 includes a variety of proteins' which become assembled into mature particles during intracellular development of the virus. Some insight into the genetic control of this process has been provided by physiological studies with conditional lethal mutants, which show that over 40 phage genes are involved in T4 morphogenesis2 (Fig. 1) . However, the mechanisms by which components are assembled have remained obscure, due in part to the lack of a suitable system for their study. In the experiments reported below, conditional lethal mutants of strain T4D have been exploited to develop an in vitro system in which several of the steps in phage morphogenesis can be demonstrated.
Methods and Materials.-Incubations and growth of liquid cultures were carried out at 30'C unless otherwise indicated. Previously described procedures were employed for preparation and assay of phage stocks, and for complementation tests between amber (am) mutants. 2 Phage strains: All strains are derivatives of T4D unless otherwise indicated. Wild type, the rI mutant r48, and most of the am mutants employed have been described previously.2 Am mutants of phage T2L were isolated and characterized by R. L. Russell. Mutations carried by the T2 am strains were assigned to homologous T4 genes on the basis of T2 am X T4 am complementation tests. Additional information on the phenotypic defects of the various mutants is given in Figure 1 and the tables.
Escherichia coli host strains were employed as follows: CR 63 (permissive for am mutants) for all phage assays and preparation of stocks; B/5 (nonpermissive) for preparation of infected cell extracts; S/6 (nonpermissive) as a selective plating indicator for am+ phage; B/2, S/4 (resistant to adsorption of T2 and T4, respectively) for adsorption experiments (see Table 1 ).
Media and reagents: H broth, used for growth of bacteria, and EHA top and bottom agar, used for plating assays, were prepared as described previously.' Buffer contained Na2HPO4 (0.039 M), KH2PO4 (0.022 M), NaCl (0.07 M), and MgSO4 (0.01 M) at pH 7.4. Crystalline bovine pancreatic DNase was obtained from Sigma Chemical Co.
Tail-fiberless particles were prepared using a multiple am mutant (X4E) defective in the tailfiber genes 34, 35, 37, and 38 (am mutations: B25, A455, B252, N52, B280, and B262) . A culture of coli B/5 was grown to 4 X 108 cells/ml, infected with X4E phage at a multiplicity (m.o.i.) of 4, aerated for 3 hr, and then treated with CHCl3 to lyse the infected cells. The defective particles were purified by two cycles of low-and high-speed centrifugation and suspended in buffer. The particle concentration was estimated from the optical density of the suspension at 265 miu, assuming OD265 = 1.0 for a suspension of 1 (Fig. 2) . The kinetics of active phage production are not linear. No increase in active titer is observed upon incubation of either the extract or the fiberless particles alone.
As shown in Figure 3 , the number of active phage produced is proportional to the number of fiberless particles added to the mixture. Within the error of measure- Adsorption experiments: Phage were mixed with suspensions of the indicated bacteria (4 X 108/ml) in H broth containing 0.004 M KCN. After 15 min, incubation samples were shaken with CHCI-saturated broth and assayed to determine the fraction of input phage remaining unadsorbed.
Inactivation by antiserum: Hyperimmune anti-T4 rabbit serum was used at a dilution giving 1% survival of T4D phage in H broth after 8 min at 30 C. ment, activation is quantitative when the incubation period is extended to 200 min, and no further increase in active titer is observed beyond this point. Lowering the concentration of 23-extract by a factor of 2 decreases the rate of the reaction, but not the final yield of active phage. No reaction is observed at 00C.
The following experiments provide evidence that activation reflects the attachment of tail-fiber components present in the extract to the fiberless phage particles.
(1) Complementation spot tests were used to determine the genotype of 40 of the phage particles activated in two separate experiments. All 40 were of genotype X4E, that of the fiberless particles added.
(2) An extract of cells infected with a T2L mutant (am 108) defective in gene 20 (required for head membrane formation) was found to activate fiberless T4D particles as described above. The progeny of particles activated in the presence of this extract and of particles activated with a T4D 23-extract were obtained by growth for one cycle on strain CR 63. Samples of the T2 extract-activated and T4D extract-activated phage and their progenies were then compared with T2L wild type and T4D r48 for adsorption to B, B/2, and S/4 bacteria, and for neutralization by anti-T4 serum (Table 1) . Phage activated with the T2 extract showed the adsorption characteristics, and, to some extent at least, the serological properties of T2L. Their progeny, however, behaved like the T4D extract-activated phage and the T4D control samples. These results support the view that activated phage are T4D particles with either T2 or T4D tail fibers, depending upon the extract used in the activation reaction. ticles in the three samples were, respectively, f 0.1, 10, and 100 per cent. Counts of the num-°. 120mi SAMPLE ber of fibers per particle in the three samples i5 -g2.9 (Fig. 4) However, the inactive particles produced by all of the above tail-fiber mutants are devoid of associated antigens (J. King, unpublished) .
The preceding experiments indicate that fiber attachment to fiberless particles can proceed in vitro. By mixing extracts made with mutants defective in different tail-fiber genes, some of the earlier steps in fiber assembly can be shown to occur as well. We shall refer to the production of active phage under these conditions as "extract complementation."
No increase in active phage titer is observed upon incubation of 34, 35, 36, 37, or 38 extracts alone or with added fiberless particles. However, when pairwise combinations of extracts are allowed to react, the fiberless particles present in the extracts become activated in some, but not all, of the mixtures (Table 2) . Of particular interest are combinations such as 34 + 36 and 34 + 37. Since each of the extracts lacks one of the three antigens, the observed activity suggests that at least two steps occur in the mixture: association of the antigens and their attachment to the phage. The partial or complete inactivity of all pairwise combinations among 36, 37, and 38 indicates that not all of the reactions in fiber assembly proceed efficiently in the in vitro system as presently constituted. (The results of tests with Pairwise mixtures of extracts were allowed to react, and the results are expressed as in Table 2 , except that incubation time was increased to 120 min. The am mutants employed are given in Table 5 . morphogenetic genes. These were examined in pairs for extract complementation as above (Table 3) . Platings on the restrictive host S/6 indicated that < 10-3 am+ recombinants were generated in the many mixtures tested. In most cases the results of the test were unambiguous, either showing no increase over the controls (no complementation) or more than a tenfold increase (complementation). A striking correlation is found between the extract complementation behavior of mutants and their defective phenotypes.2 Mutants which produce heads but no tails as determined in the electron microscope (EM), and thus presumably are blocked in tail assembly, do not complement among themselves (genes 5, 6, 10, 27, 29) but do complement with mutants which produce tails, but no heads (genes 23, 31). Many other tests not shown in Tables 3 or 4 support this generalization. These results suggest that the attachment of heads to tails can proceed in vitro, and that mutant extracts can be classed as "head donors" or "tail donors," extracts from one class being active only with extracts from the other.
To test this generalization further, infected-cell extracts were prepared using am mutants defective in each of 35 genes known to be involved in morphogenetic steps other than tail-fiber assembly.2 (Genes identified only with temperature-sensitive mutants were not tested.) Each extract was tested for activity against a reference head donor (6-extract) and a reference tail donor (23-extract). As shown in Table 4 , every mutant showing the EM phenotype of heads but no tails behaves as a head donor only (14 tested), while every mutant showing tails but no heads behaves as a tail donor only (6 tested). Most of the class of mutants producing both heads and tails (unattached; see Flig. 1) also behave as tail donors only (8/12). Apparently the heads observed by EM are either incomplete or nonfunctional by-products of defective maturation which cannot be efficiently activated in extract mixtures. However, extracts made with the remaining four mutants of this class (genes 13, 14, 15 , and 18) behave as both head and tail donors, suggesting that they contain functionally competent heads and tails but lack components required for their union. These preparations, in contrast to those of head donors only and tail donors only, also complement extracts made with double mutants which produce neither heads nor tails (one defective in genes 10 and 31, another in genes 27 and 23).
Mutants defective in genes 9, 11, or 12 also show extract complementation with both the reference head donor and the reference tail donor, as well as with the double mutants. Under restrictive conditions in vivo, 9, 11, and 12 mutants produce apparently complete but inactive phage particles characterized in the electron microscope by contracted sheaths (gene 9 mutants) or a tendency to dissociate into free heads and tails upon storage (gene 11 and 12 mutants). The extract complementation results suggest that these defective particles can be activated when a missing component is provided by another extract.
Complementation spot tests of phage produced in the active combinations of Tables 3 and 4 show that their genotype is exclusively that of the head donor (Table 5 ). When 14-extract, a head and tail donor, complements a tail donor extract, the phage produced are of genotype 14; when it complements a head donor extract, comparable numbers of the two genotypes are found among the active particles.
Discussion and Summary.-The results reported here show that several of the steps in the morphogenesis of bacteriophage T4D can take place in extracts of infected cells. These steps include the assembly of tail fibers and their attachment to the virus particle, as well as the union of the head and the tail. Apparently many of the larger components-fiberless particles, fibers, heads, and tails-which accumulate in mutant-infected cells under restrictive conditions are not aberrant byproducts of defective synthesis, but intermediates in the assembly process which may be utilized in vitro for the morphogenesis of active virus.
The limited success of our attempts at complementation in extracts indicates that many of the steps in the maturation process do not proceed efficiently under the conditions presently employed. It remains to be seen whether some of these steps, such as the formation of the head or of the tail, can be demonstrated under altered conditions, for example, at higher concentration of reactants.
As an extension of the previously reported EM characterization of defective phenotypes,2 the extract complementation studies provide some further insight into the functions controlled by the various mutationally defined morphogenetic genes. An example is the group of 12 genes whose mutants produce unattached heads and tails recognizable in electron micrographs. While four of these are apparently involved in the union of heads and tails, the remaining eight may be required to complete or alter the head in some manner which activates it for tail attachment.
Perhaps most significantly, our results show that at least portions of the morphogenetic pathway are open to direct attack by biochemical methods. It may be hoped that purification of components and further study of individual reactions will lead to some understanding of the interactions and specificities involved in the assembly of complex supramolecular structures such as bacteriophage T4.
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